Lilly B, Kennard S. Differential gene expression in a coculture model of angiogenesis reveals modulation of select pathways and a role for Notch signaling.
HETEROTYPIC CELL COMMUNICATION is a vital component of many organ systems, including the vasculature. Mural cells, identified as smooth muscle cells, pericytes, and fibroblasts, must interact with endothelial cells in defined ways to produce functional vessels of the appropriate size, pattern, and physiology (2, 24, 25) . While the importance of these interactions is well established, how these different cells communicate with each other remains poorly understood. During blood vessel formation, endothelial cells are prompted to undergo tubulogenesis, creating a network of properly spaced lumens designed to carry blood throughout the body (4, 25) . Lumen formation is followed by the recruitment of mural cells that ensheathe the vessel, providing structural support and contractile abilities that facilitate flow (4, 25) . Although easy to envision, this stepwise depiction of vessel formation is an oversimplification. More accurately, during vasculogenesis and angiogenesis, endothelial and mural cells are in constant communication, and together their associations act to shape the vasculature.
Mural cells have been shown to control vessel assembly by regulating endothelial cell proliferation, migration, sprouting, and regression (8, 28, 33, 35, 38, 44, 51) . Similarly, endothelial cells can modulate mural cell activities by also regulating proliferation and migration, in addition to differentiation and contractile function (7, 37, 45 ). Yet there is limited knowledge of the factors that regulate the communication between these cell types. Growth factors such as platelet-derived growth factor (PDGF)-B, transforming growth factor-␤, and the angiopoietins have been shown to mediate vascular cell cross talk (2, 7, 24) . Additionally, matrix metalloproteinases (MMPs) and their inhibitors (tissue inhibitors of metalloproteinases, TIMPs) govern their communication (10, 24, 33, 44) , while Notch signaling has also been shown to regulate endothelial and mural cell interactions (19, 21, 43) . The importance of these mediators and those that remain undiscovered cannot be dismissed, for they are involved in regulatory cascades, which participate in altering patterns of gene expression across cell types. In fact, these mediators do not act alone, and it is a combination of signaling events emanating from endothelial cells to mural cells or vice versa that ultimately determines how these cells react (26, 53) . Thus understanding the global effects these cells have on one another is important in defining the individual contributors that regulate their phenotypes.
In this study, we performed a microarray analysis on cells within a three-dimensional angiogenesis assay. We identified 323 genes that were upregulated or downregulated twofold or greater when endothelial cells and fibroblasts were cultured together versus when these cells were cultured alone. Utilizing gene ontogeny clustering, we found that genes from the integrin, blood coagulation, and angiogenesis pathways were overrepresented in cocultured cells, signifying the activation of specific pathways by this heterotypic cell interaction. Additionally, evaluation of promoter regions from differentially regulated genes identified an overabundance of conserved C promoter factor (CBF)1/CSL motifs (3, 29) linking Notch signaling to their regulation. To test the role of Notch, we blocked its functions with the ␥-secretase inhibitor DAPT or NOTCH3 small interfering RNA (siRNA) and demonstrated that inhibition of Notch activity prevented the modulation of select genes under coculture conditions. Our results show that endothelial cell-fibroblast cell communication causes significant changes in gene expression, and further implicate Notch signaling as an important component of this transcriptional regulation.
MATERIALS AND METHODS
Cell culture. Primary cultured human umbilical vein endothelial cells (HUVECs) were purchased from Lonza and grown in complete EBM-2 medium. Human dermal neonatal fibroblasts (HDFNs) were obtained from Cascade Biologics and cultured in Dulbecco's modified Eagle's medium (DMEM, Mediatech) supplemented with 5% fetal bovine serum (FBS, Hyclone) and 100 IU/ml penicillin-streptomycin. All cultures were maintained in humidified 5% CO2 at 37°C.
Angiogenesis assays were performed as described previously (33) . Cells for experiments, whether cultured alone or together, were placed in identical assay media, which consisted of EBM-2 supplemented with all "bullet kit" components except FBS, VEGF, and basic FGF and supplemented with 1% FBS and 30 ng/ml VEGF-A 165 (Peprotech). For two-dimensional coculture, 6 ϫ 10 4 fibroblasts were plated in a 12-well dish with 6 ϫ 10 4 HUVECs and cultured for 48 h, after which RNA was harvested. ␥-Secretase inhibitor DAPT (Calbiochem) was added at the time of plating to indicated samples.
To separate endothelial cells and fibroblasts, anti-platelet endothelial cell adhesion molecule (PECAM)-1-conjugated Dynabeads (Invitrogen) were used according to manufacturer's instructions. The separated cells were then processed for quantitative reverse transcriptase-polymerase chain reaction (qPCR). We confirmed adequacy of separation by assessing cell-specific marker expression (see Fig. 3 ) and by replating the cells for 5 h and then counting cells that were labeled, using the endothelium-specific lectin and fibroblast-loaded tracker dye (as described for cell staining). The fibroblast population was Ͼ99% pure, and the endothelial cells were Ͼ96% pure (data not shown). For conditioned medium experiments, 6 ϫ 10 4 fibroblasts and 6 ϫ 10 4 endothelial cells were plated separately. Medium from these cells was collected after 24 and 48 h and added to endothelial cells and fibroblasts. The total time that cells were incubated in conditioned media was 48 h.
Cell staining. Collagen-embedded cells were fixed in 4% formaldehyde overnight and either stained with 10% hematoxylin or incubated with 10 g/ml tetramethylrhodamine isothiocyanate (TRITC)-labeled lectin (Ulex europaeus UEA-I, Sigma) for 1 h. For prelabeling fibroblasts, cells were loaded with CellTracker Dye Green CMFDA (10 M, Molecular Probes) for 30 min in serum-free medium and used directly in angiogenesis assays. Cells were mounted in AquaMount (Lerner Labs) and visualized on a Leica DM5000B microscope.
Microarray. Total RNA was isolated by TRIzol (Invitrogen) from cells cultured for 5 days in a three-dimensional angiogenesis assay. RNA was further purified with the RNeasy mini kit (Qiagen) and quantified, and the HUVEC and HDFN samples that were cultured alone were mixed at a 1-to-2 ratio to parallel the ratio determined in the coculture samples. The samples were then sent to Illumina (www.illumina.com) for analysis of three replicates cultured alone and mixed and three cocultured samples. Illumina performed quality control analysis on all RNA samples and subsequent cRNA RiboGreen quantitation and Agilent Bioanalyzer assessment for integrity. Sentrix Human-6 BeadChips were used for analysis (13) . These BeadChips have Ͼ46,000 probes derived from human genes in the National Center for Biotechnology Information (NCBI) Reference Sequence (RefSeq) and UniGene databases. Data analysis was performed with BeadStudio software (Illumina) (13, 14) . Genes with detection scores of Ͼ0.99 in all samples were evaluated. Rank invariant normalization was used for differential analysis with Illumina custom error model. Only genes that had differential signal intensities with P values of Ͻ0.01 were analyzed further.
qPCR. Total RNA was isolated with TRIzol reagent and reverse transcribed with Moloney murine leukemia virus (MMLV) reverse transcriptase (Invitrogen) to generate cDNA. qPCR was performed with a StepOne PCR system (Applied Biosystems) with SYBR Green. The fold difference in transcripts was calculated by the ⌬⌬CT method (where CT is threshold cycle), with 18S as the internal control. After PCR, a melting curve was constructed in the range of 60 -95°C to confirm the specificity of the amplification products.
Transfections with siRNA. HDFNs were transiently transfected in a 12-well plate at 6 ϫ 10 4 with Lipofectamine2000 (Invitrogen) according to manufacturer's instructions. NOTCH3 siRNA was synthesized by IDT with the sequence AAC UGC GAA GUG AAC AUU G; GUC AAU GUU CAC UUC GCA G and used at 100 nM. Control siRNA was obtained from Invitrogen and used at equivalent concentration. Twenty-four hours after transfection, 6 ϫ 10 4 HUVECs were added and incubated for 48 h.
Statistical analysis. Comparisons between qPCR data sets were made with Student's t-test. Differences were considered significant if P Ͻ 0.05, and data are presented as means Ϯ SE. Data shown are representative of at least two independent experiments performed in duplicate.
RESULTS

Endothelial cells and fibroblasts communicate during angiogenesis.
Endothelial cells and mural cells such as fibroblasts are known to interact, and we (33) along with others (8, 28, 35, 38, 44, 51) have demonstrated that this interaction has obvious consequences on blood vessel formation in vitro. Using a collagen I-based three-dimensional matrix, we cultured HUVECs with or without HDFNs in an angiogenesis assay. These fibroblasts were used to mimic naive mesenchymal cells that would take on vascular properties under coculture conditions. Fibroblasts are known to have an important role in wound healing and angiogenesis (22) . In the presence of fibroblasts, endothelial cells formed a more extensive network of vessels, as can be seen by staining with hematoxylin, which lightly stains all cells, or by using an endothelial-specific lectin (Fig. 1A) . No vessels were formed by fibroblasts alone, which existed in suspended monolayers in the absence of endothelial cells. The interaction of these cells, as we had anticipated, appeared to be reciprocal because the fibroblasts could be seen surrounding newly formed vessels as a consequence of recruitment (Fig. 1B) . Most endothelium-derived tube structures were encased by fibroblasts, although the number of fibroblasts found around individual vessels varied. Given that these cells were physically responding to one another, we hypothesized that these interactions were causing significant changes in gene expression. We further predicted that these molecular changes would be responsible for how these cells behave toward each other, as well as producing important factors that facilitate the function of these cells in mature vessels. As a means to address this, we performed a microarray screen to identify genes that were uniquely regulated when these two cell types were cultured together under angiogenic conditions.
Microarray to detect genes regulated by coculturing cells in an angiogenesis assay. For microarray analysis, we cultured cells alone or together under identical conditions in a threedimensional angiogenesis assay and allowed vessels to form for 5 days, as shown in Fig. 1 . After this, total RNA was isolated from the collagen-embedded cells. Before isolating samples for the array, we determined that the approximate ratio of endothelial cells and fibroblasts in the coculture samples at the end of the 5-day period was ϳ1:2, with twice as much fibroblast RNA compared with endothelial cell RNA (data not shown). We then mixed the RNA from the two cell types cultured alone, using that same ratio ( Fig. 2A) , which allowed us to directly measure the amounts of transcripts on the array from comparably mixed samples. The limitation of this strategy was that it would not allow us to immediately determine in which cell type the gene expression changes were occurring, and we would potentially overlook genes whose expression was being reciprocally altered in the different cells. The microarray was performed by Illumina, using Human-6 Expression BeadChips that contained Ͼ46,000 probes derived from human genes (13) . Samples were run in triplicate, and the data were averaged over the three sets. From this, we identified a total of 323 transcripts that were differentially expressed twofold or greater with P Ͻ 0.01 between the cells cultured alone versus those cocultured (Fig. 2B) . Of those 323, 192 showed an increase in expression in the cocultured cells, while 131 were decreased in the cocultured sample (Supplemental Fig. S1 ). 1 As predicted, we observed a robust difference in expression profiles between cells that were cocultured and cells cultured alone, indicating an inherent ability of these cells to modulate each other's activities. We verified the expression patterns of 55 (17% of total) of these genes by qPCR and confirmed that 52 (95%) of these transcripts exhibited differential expression that was consistent with the microarray (Supplemental Fig.  S1 ). In evaluating these genes, we also sought to determine in which cell type transcript expression was being altered. We employed anti-PECAM-1-conjugated beads to separate the two cell populations from one another and confirmed the separation effectiveness by examining the cell-specific markers PECAM-1 for endothelial cells and platelet-derived growth factor receptor (PDGFR)␤, which was increased threefold in the array, to detect fibroblasts (Fig. 3) . Of those tested, the majority (36) were differentially regulated only in fibroblasts. Although the array was performed with RNA extracted from cells in three-dimensional collagen, we determined that these 52 genes were similarly modulated in two dimensions, where the cells were plated together or apart under identical medium conditions. Hence, overall the coculturing of these cells appeared to be sufficient to alter gene expression, and these changes did not require the morphogenic events of tube formation in a three-dimensional collagen matrix.
Gene ontology reveals select pathways that are stimulated by coculturing vascular cells. As a means to assess the global changes that were occurring under coculture conditions, we utilized the Protein ANalysis THrough Evolutionary Relationships (PANTHER) Classification System (www.pantherdb. org) to identify signaling pathways that were overrepresented in our list of array genes (6, 34) . The array list was compared with a reference list composed of 23,481 known genes from the human genome that had previously been classified into one or more pathways. Using binomial statistics, we identified three pathways that were overrepresented from the differentially expressed genes with P values of Ͻ0.01. Shown in Table 1 are the identified pathways, the number of Homo sapiens genes placed within these pathways, the number found in the reference list, and the number found in the array data. Differential and cell type-specific expression of these pathway genes was determined by qPCR as demonstrated in Fig. 3 and shown in Table 2 . The pathway with the most genes present in our array data set with the lowest P value was the integrin family with 12 members. In addition to integrin receptors, transcripts in this class included their extracellular ligands and signaling molecules (49) . Several of the collagen genes (COL), the laminin ␤3 chain (LAMB3), integrin receptor subunits ␣1 (ITGA1) and ␣3 (ITGA3), as well as an intracellular mediator of integrin signaling LIMS2 (PINCH2) (30) , were upregulated. Consistent with the overall profile of the verified array genes, the majority of these were altered in fibroblasts, with the COL5A3 splice variant showing the largest increase (15-fold). LAMB3 was the only factor that exhibited a rise in cocultured endothelial cells, whereas COL18A1 and LIMS2 displayed increases in both cell types. COL10A1, a nonfibrillar collagen (48) , was the only 1 The online version of this article contains supplemental material. gene in this group whose expression was decreased; however, analysis of the cells after separation revealed that although its expression decreased in fibroblasts, endothelial cells had a significant increase in this collagen isoform (2.6-fold). The upsurge in these integrin-associated genes implies that the interaction of these two cell types is a strong stimulus for the production of extracellular matrix and the signaling molecules that mediate communication between the cell and its surrounding environment. Blood vessels require a complex extracellular environment that facilitates barrier function and conveys mechanical information to these pressure-sensing cells (10, 27, 46) . These results suggest that their interaction serves as a trigger, which prompts them to produce molecules needed for an intact blood vessel.
The blood coagulation group was also found to be overrepresented within our array genes, with six genes from this class showing differential expression. Of these genes, two were upregulated in cocultured endothelial cells (F3 and GP1BB) and two were upregulated in fibroblasts (PLAT and SERPINE1). One gene was decreased in cocultured endothelial cells (TFPI2), and another was decreased in fibroblasts (HGF). The modulation of this class of factors suggests that vascular cell-cell interactions promote the activation of pathways that will be needed when blood flow commences. F3/TF or tissue factor is an initiator of the blood coagulation cascade leading to fibrin deposition and platelet activation (9) , and interestingly an inhibitor of F3, tissue factor pathway inhibitor-2 (TFPI-2) (5), Fig. 2 . Microarray sample preparation and graph. A: diagram of method used to produce equivalent RNA samples for cells cultured alone and together. The microgram ratio of endothelial to fibroblast RNA in cocultured samples was determined to be 1:2. After angiogenesis assays, cells were collected and RNA was purified. Endothelial cell and fibroblast RNA from cells cultured separately were then mixed at a 1-to-2 ratio to produce a sample that was comparative to the cocultured sample. B: graph of the average signal intensities of genes detected on Illumina BeadChips from cRNA of cocultured samples (y-axis) vs. cRNA derived from cells cultured alone (x-axis). Gray dots represent all genes on the BeadChip, and black dots mark only those having intensities Ͼ0.99 and 2-fold differential expression with P Ͻ 0.01. Fig. 3 . Quantitative PCR (qPCR) analysis of genes expressed in HUVECs and HDFNs cultured alone or together. To evaluate transcript levels in individual cell types that had been cocultured, cells were separated with anti-platelet endothelial cell adhesion molecule (PECAM)-1-conjugated magnetic beads. Verification of separation efficiency was determined by using the cell-specific marker genes PECAM-1 for endothelial cells and PDGF receptor ␤ (PDGFR␤) to detect fibroblasts. Note that there are barely detectable levels of expression of these marker genes in the other cell type fraction after coculture and separation. A, cells cultured alone; CO, cells cocultured and separated. *P Ͻ 0.05. exhibited a decrease in expression. Tissue plasminogen activator (PLAT or TPA) and plasminogen activator inhibitor-1 (SERPINE1 or PAI-1), both important components of fibrinolysis, were increased in fibroblasts (36) . Fibroblasts also induced the expression of GP1BB in endothelial cells, which is a component of the surface receptor for von Willebrand factor and mediates adhesion of platelets to damaged arterial walls (41) . In addition, hepatocyte growth factor (HGF), a protein with structural homology to plasminogens, was decreased in fibroblasts (47) . HGF also fell under the angiogenesis pathway for its reported angiogenic capabilities. The final overrepresented group of genes was from the angiogenesis pathway, with 11 genes from the array data set in this category and all but 1 (PLA2G4A) being modulated in fibroblasts. This pathway was somewhat expected, given that our screen utilized endothelial cells undergoing morphogenesis in the presence or absence of fibroblasts (Fig. 1) . The angiogenesis group was composed of signaling mediators that included HGF and PDGF-D, both of which were repressed under coculture conditions, despite evidence that they are proangiogenic (31, 47) . WNT5A, a member of the secreted Wingless/ Wnt signaling family, was increased, while a soluble Wnt receptor antagonist (SFRP1) was decreased. The Wnt family has a well-established role in regulating endothelial cell activities, and so induction of WNT5A by endothelial cells in neighboring fibroblasts may serve to signal back to endothelial cells with instructional information (18, 56) . Several receptors, including fibroblast growth factor receptor 3 (FGFR3), PDGFR␤, and NOTCH3, were increased, all of which have been linked to some aspect of vascular development. PDGFR␤ is a major contributor in the recruitment of mural cells by endothelium-expressed PDGF-B (1). Its upregulation implies that endothelial cells purposely promote recruitment by modulating receptor availability. NOTCH3 has mainly been linked to governing smooth muscle maturation (11, 52) , and the ability of endothelial cells to elevate its expression in mural cells indicates that it may be a mediator of endotheliuminduced phenotypic modulation. Although FGFR3 has been implicated in angiogenic processes, its potential role in this circumstance is not clear (39) . Its expression was increased in both endothelial cells and fibroblasts, indicating that FGF signaling could be activated bidirectionally and may exert similar effects on these cells. In addition to these ligands and receptors, the cytoplasmic protein sphingosine kinase-1 (SPHK1), which facilitates the production of sphingosine-1 phosphate, a well-described inducer of angiogenesis, was increased (32) . Heat shock protein 27 (HSPB2), which is involved in migration events that facilitate angiogenesis, also was increased in fibroblasts (20, 42) . The only factor from this class that was exclusively regulated in endothelial cells was cytoplasmic phospholipase A 2␣ (PLA2G4A), which was decreased twofold. PLA2G4A hydrolyzes arachidonic acid, leading to prostaglandin production and COX-2, a proangiogenic factor (12, 54) . In examining the relevance of the individual factor's expression it is important to consider that angiogenesis is a dynamic process, and that it is the balance of activator and inhibitor molecules that determines size, shape, and maturity of blood vessels. Overall, from these analyses we were able to discover specific pathways that were preferentially activated by the interaction of these two cell types. The data offer insight into how these cells communicate by revealing that certain pathways are modulated not in one but in both cell types.
Conditioned medium regulates a select few genes. The coculture of these different cell types revealed that their presence affected gene expression of the other cell type; however, it did not tell us anything about the mediators involved in this regulation. To address this, we performed conditioned medium experiments, in which medium from one cell type was added to the other cell type and the expression of each of the genes identified in the overrepresented pathways was examined. Of the 26 genes examined, only PDGFD and HSPB2 exhibited modulation in fibroblasts by endothelial cell-conditioned medium that was consistent with our previous coculture analysis (Fig. 4) . Interestingly, in two instances we observed changes in gene expression that were the opposite of what we had confirmed under coculture conditions. In fibroblasts endotheliumconditioned medium decreased COL5A3 expression, while LAMB3 levels decreased in endothelial cells on treatment with fibroblast-conditioned medium (Fig. 4) . Thus these data indicate that multiple signaling mediators, which include both soluble and membrane-bound factors, regulate these genes.
Promoter scans uncover a potential role for Notch in cocultureinduced gene expression. Given that certain pathways were preferentially activated by coculture conditions, we next wanted to determine whether these differentially expressed genes were governed by common transcriptional mechanisms that might be linked to these pathways. To address this, we utilized Whole Genome rVISTA to search for conserved binding elements within the promoters of array genes (16, 55) . This search tool uses a database of transcription factor binding sites found in the promoter regions (5,000 bases upstream) that are conserved in the alignment of human and mouse genes. A list of genes can be screened for common elements, and the overabundance of these is statistically determined. We performed these analyses separately on genes that were upregulated and downregulated in cocultured cells, with the assumption that the regulators of these genes acting through common binding motifs would likely be activators and repressors, respectively.
In the upregulated class, the most overrepresented binding element was a CBF1 site. CBF1 (CSL/RBPJK) is a transcriptional repressor that turns into an activator when complexed with the intracellular domain of Notch receptors (3, 29) . This was particularly intriguing, because NOTCH3 was strongly induced in fibroblasts by approximately ninefold and was one of the factors present in the class of angiogenesis pathway genes ( Table 2) . Of the 192 genes increased in the cocultured samples, 124 had identifiable conserved promoters that were screened, and of those 92 or 75% had one or more conserved CBF1 sites (Table 3) . One of these was the known Notch target gene, HEYL (15) , which was increased in our array Ͼ10-fold ( Fig. 5 and Supplemental Fig. S1 ). In comparison, CBF1 sites were not found in overabundance in the genes that were downregulated. Genes with decreased expression in cocultured samples had statistically more GATA3 elements within their promoters. Of the 131 downregulated genes 104 had screenable promoters, and of those 75 (72%) had GATA3 motifs (Table 3) . GATA3 has a well-described role in T-cell development and more recently has been implicated in functioning in other systems (23) . While it is a known transcriptional activator, it also can repress transcription in the context of other factors (23, 57) . Interestingly, it has been shown to repress VCAM-1 expression in endothelial cells (50) , and therefore GATA3 might be acting predominantly in a repressive capacity under these circumstances.
Inhibition of Notch signaling blocks endothelium-induced expression in fibroblasts. The presence of CBF1 binding elements in so many of the upregulated genes was compelling because of the recognized importance of Notch in angiogenesis and vascular development (19) . To further investigate the potential importance of these binding sites and Notch signaling in the regulation of these genes, we performed inhibitor studies to block Notch function. The ␥-secretase inhibitor DAPT, which prevents cleavage of the Notch intracellular domain after ligand binding, was used to eliminate its transcriptional activity (17) . Endothelial cells and fibroblasts were cultured together in the presence or absence of DAPT and separated as described above, and the expression levels of genes from the previously identified pathways (Table 2) were examined. Shown in Fig. 5 are representative graphs of these analyses. Blocking Notch signaling had no effect on genes that were either up-or downregulated in endothelial cells (Table 4) . On the other hand, 8 of 16 upregulated genes in fibroblasts were strongly inhibited by disruption of Notch signaling (Table 4) . Moreover, SFRP1, which was downregulated in fibroblasts by Fig. 4 . Conditioned medium modulates select genes. Expression analysis by qPCR shows that endothelium-conditioned medium (HUVECs) added to fibroblasts causes a decrease in PDGFD and an increase in HSPB2 expression, similar to that observed from the array data. Fibroblast-conditioned medium (HDFNs) was used as control. In contrast, endothelium-conditioned medium reduced COL5A3 expression in fibroblasts, while fibroblast-conditioned medium downregulated the expression of LAMB3 in endothelial cells. *P Ͻ 0.05. cocultured endothelial cells, remained elevated with Notch inhibition, indicating that this gene might be repressed by the Notch target genes HES/HEY, which are transcriptional repressors (15) . The lack of an effect on endothelium-specific expression compared with the dramatic effect in fibroblasts implies that Notch signaling is unidirectional, with endothelial cells sending the signal that is received by fibroblasts. We were initially prompted to examine the Notch pathway because of the presence of CBF1 binding sites. Therefore we specifically scanned the pathway genes for conserved CBF1 sites and found that 24 of 26 of these genes contained CBF1 elements, yet only 8 were affected by DAPT treatment. Only TFPI2 and FLJ20967, which were downregulated in endothelial cells and fibroblasts, respectively, lacked conserved CBF1 motifs within their promoters. Hence, the presence of a CBF1 site was not sufficient to cause these genes to be regulated by Notch, indicating a context-dependent function. Overall, these data suggest that Notch activity is a critical component in establishing the expression profiles generated by the interaction of endothelial cells and fibroblasts. However, the presence of conserved CBF1 binding sites within their promoters was not a strong predictor of their ability to be regulated by Notch signaling. Our data indicated that Notch signaling was important for the regulation of a subset of the genes modulated in fibroblasts. Because NOTCH3 expression was increased in these cells, we tested whether NOTCH3 was directly responsible for their expression. To do this, we transfected NOTCH3-specific or control siRNA into fibroblasts cocultured with endothelial cells and then examined expression of the genes that were affected by DAPT treatment. As shown in Fig. 6 , knockdown of NOTCH3 resulted in inhibition of modulation by cocultured endothelial cells of six of the eight genes. Thus these results directly demonstrate that NOTCH3 is an important component in the regulation of a subset of genes whose expression is controlled by endothelial cell-fibroblast interactions.
DISCUSSION
The interaction of the cells that make up the vasculature is important for the proper formation and function of blood vessels. Although it is well established that these heterotypic interactions are vital, there is still much to learn about the nature of their relationships. For instance, what consequence does their physical association have in gene expression patterns, and, in turn, how does this affect their ability to communicate? Our data show that endothelial cells and fibroblasts, which we used as naive mural cells, exhibit strong responses to one another in a three-dimensional model of angiogenesis. The fibroblasts robustly enhance vessel formation, inducing a more extensive vascular network, which may be due in part to enhanced morphogenesis (33) . These effects of fibroblasts on endothelial cells are well known. The endothelial cells attract the fibroblasts that encase the nascent vessel in what appears to be a mimic of the in vivo circumstance, where mural cells undergo recruitment that is mediated by PDGF-B (1). But whether these fibroblasts are responding as true vascular support cells under these conditions remains to be determined. Using this three-dimensional model of angiogenesis, we screened for genes that were regulated under these coculture conditions. As predicted, we identified a group of genes (323 with 2-fold differential expression, P Ͻ 0.01) that were uniquely regulated when endothelial cells and fibroblasts were cultured together. The manner in which we performed the array did not immediately tell us what cell type the genes were being regulated in, but in subsequent analysis it became apparent that many more genes were modulated in fibroblasts than in endothelial cells. The reason for this is not clear; however, we speculate that the endothelial cells exist in a more differentiated or mature state, while the fibroblasts are, as we intended, immature and susceptible to the influences of their cocultured neighbors. We have performed additional studies with endothelial cells cocultured with smooth muscle cells and observed that many genes modulated in fibroblasts were similarly regulated in smooth muscle cells (Supplemental Fig. S2 ). Moreover, human microvascular endothelial cells also regulated genes in fibroblasts (Supplemental Fig. S2 ). Thus possibly mural cells are more susceptible to genomic alterations, whereas endothelial cell-specific changes primarily occur through protein modifications or stability, which we would not have detected in this screen. Nevertheless, we cannot confirm this without further investigations using endothelial cells from different sources.
Although the large number of differentially expressed genes was intriguing, we wanted to understand the global changes that were occurring through these heterotypic interactions. By using the PANTHER classification system we were able to identify overrepresented pathways from this data set. The angiogenesis pathway was one class that we could have predicted. Within this group, a number of secreted factors and receptors were increased, possibly as a means to enhance communication between these cells. Indeed, PDGFR␤ expression was augmented, and it plays a key role in mural cell recruitment. Other proangiogenic factors, including WNT5A and SPHK1, were also induced in fibroblasts. Given that fibroblasts can dramatically enhance vessel formation, it is not surprising that certain proangiogenic factors are increased. What makes these data compelling is that endothelial cells appear to enhance their own vessel assembly by signaling to fibroblasts that in turn secrete these proangiogenic factors. The purpose of this is uncertain; however, it is reasonable to speculate that endothelial cells may be reluctant to undergo morphogenesis in areas where mural cells are not available to produce a functional vessel. Once mural cells are present, the endothelial cells more readily form vessels via a complex system of cross talk and positive feedback.
Genes from the integrin pathway were also present in overabundance. Numerous collagen genes exhibited an increase in Fig. 6 . Small interfering RNA (siRNA) to block NOTCH3 in fibroblasts. NOTCH3-specific siRNA (N3) or control siRNA (C) was transfected into HDFNs, and 24 h later HUVECs were added to indicated samples and incubated for an additional 48 h. RNA was harvested, and qPCR was performed. Top: effectiveness of the NOTCH3 siRNA to abolish its expression and that of a known target gene, HEYL. Bottom: effect of NOTCH3 knockdown on DAPT-sensitive gene expression. *P Ͻ 0.05; ns, not significant. expression as well as integrin subunits ␣ 1 and ␣ 3 . Within the vasculature, an elaborate basement membrane is created between the two cell types that is important for the integrity of the vessel wall and communication of the cells (27, 40) . The induction of these genes by cell-cell interactions indicates that these cells are anticipating the need for these extracellular matrix factors. Through their unique affiliation they are able to produce the proper extracellular matrix milieu that is critical for their continued communication and function. Our data indicate that neither cell type is able to achieve this on its own. In addition, a larger than expected number of blood coagulation factors were also differentially regulated in cocultured cells, signifying again that the association of these two cell types is a trigger for the production of molecules needed later, in this case to facilitate blood movement throughout the vessels. Thus our data strongly support the notion that their interaction not only promotes the production of factors needed to build a complete blood vessel but also causes an upsurge in proteins, which will be needed for the proper function of the vasculature as a whole.
Utilization of Whole Genome rVISTA allowed us to scan the upstream promoter regions of array genes to look for overrepresented binding elements. A compelling finding was that genes upregulated under coculture conditions had an abundance of CBF1 binding elements. In accordance with this, we observed that NOTCH3 was increased ninefold in fibroblasts, suggesting that it may be a predominant regulator in these cells. In fact, utilization of the Notch inhibitor DAPT prevented the endothelium-induced increase of several fibroblast-expressed genes within the angiogenesis and integrin pathways. Furthermore, NOTCH3 knockdown also blocked the modulation of these genes. Thus these data show the importance of Notch signaling in the interaction of these two cell types and reveal that under these circumstances Notch signaling appears to be one-directional, with endothelial cells sending a signal that is received by fibroblasts. In fact, we recently have characterized the regulation of NOTCH3 by endothelial cells and have evidence that NOTCH3 signaling acts through an autoregulatory loop that requires endothelium-expressed JAGGED1 (unpublished observation).
Together, these data show that coculturing of endothelial cells and fibroblasts results in dramatic changes in gene expression that likely facilitate the proper formation and function of blood vessels. Furthermore, our findings indicate that Notch signaling is a critical mediator of endothelial cell/fibroblastdependent transcription and directly show the requirement of this pathway for the expression of several endothelium-induced genes.
